A 28-kilodalton protein has been suggested to be the amino-terminal protein cleavage product of the putative coronavirus RNA polymerase (gene A) (M. R. Denison and S. Perlman, Virology 157:565-568, 1987). To elucidate the structure and mechanism of synthesis of this protein, the nucleotide sequence of the 5' 2.0 kilobases of the coronavirus mouse hepatitis virus strain JHM genome was determined. This sequence contains a single, long open reading frame and predicts a highly basic amino-terminal region. Cell-free translation of RNAs transcribed in vitro from DNAs containing gene A sequences in pT7 vectors yielded proteins initiated from the 5'-most optimal initiation codon at position 215 from the 5' end of the genome. The sequence preceding this initiation codon predicts the presence of a stable hairpin loop structure. The presence of an RNA secondary structure at the 5' end of the RNA genome is supported by the observation that gene A sequences were more efficiently translated in vitro when upstream noncoding sequences were removed. By comparing the translation products of virion genomic RNA and in vitro transcribed RNAs, we established that our clones encompassing the 5'-end mouse hepatitis virus genomic RNA encode the 28-kilodalton N-terminal cleavage product of the gene A protein. Possible cleavage sites for this protein are proposed.
Mouse hepatitis virus (MHV), a murine coronavirus, contains a nonsegmented, single-stranded, positive-sense RNA of approximate Mr 6 x 106 (28, 49) . In infected cells, MHV replicates exclusively in the cytoplasm and synthesizes a single genomic-length RNA and six subgenomic mRNAs, which are transcribed from a full-length negativestrand RNA template (7, 27) . These mRNAs form a nestedset structure and have a common 3' terminus but extend for various lengths in the 5' direction (25) . In addition, each mRNA contains an identical leader sequence of approximately 72 nucleotides which is derived from the 5' end of the genomic RNA (24, 26, 43) . UV transcriptional mapping studies (17) and the finding that no nuclear function is required for replication (6, 50) suggest that the joining of the leader sequences to coronavirus mRNAs does not utilize conventional eucaryotic splicing mechanisms. Instead, several lines of evidence support a model of leader-primed transcription, in which the leader RNA is synthesized independently, dissociates from the negative-strand RNA template, and then rebinds to the template at the initiation sites for different mRNAs, thereby serving as a primer for transcription (2, 3, 10, 32) .
In vitro translation studies in reticulocyte lysates and translations in Xenopus oocytes have demonstrated that MHV mRNAs are functionally monocistronic, each synthesizing only the protein encoded from the 5'-unique region of each mRNA, which does not overlap with the next smaller RNA (29, 37, 41) . Hence, the MHV genome is thought to consist of at least seven genes, A to G, from 5' to 3' (25) . Genes C, F, and G encode three structural proteins: the nucleocapsid phosphoprotein (pp6O) (44) and envelope glycoproteins (gp90/180 and gp25) (47) . The remaining genes, * Corresponding author.
A, B, D, and E, encode at least four nonstructural proteins (41, 42) . One of the nonstructural proteins is RNAdependent RNA polymerase, which is responsible for the synthesis of negative-strand RNA initially and positivestrand genomic and subgenomic mRNAs later in infection. Two distinct polymerase activities have been detected in MHV-infected cells (7, 8) To elucidate the structure and mechanism of synthesis of the potential RNA polymerase of MHV, we sequenced the 5'-end 2.0-kilobase (kb) region of genomic RNA which covers the genetic region likely to encode the p28 protein.
The sequence obtained from cDNA clones predicts a single, long open reading frame (ORF). In vitro-synthesized RNAs derived from these cDNA clones were translated in a reticulocyte lysate system, and these data confirmed the position of the initiation codon and the identity of the p28 protein.
MATERIALS AND METHODS
Viruses and cells. The plaque-cloned JHM strain of MHV (31, 33) was used throughout and propagated on DBT cells, a mouse astrocytoma cell line (16) , at low multiplicities of infection. Virus was harvested and purified from the medium, and viral RNA was prepared as previously described (32) .
cDNA clones. The cDNA clones representing the 5'-terminal 4 kb of the MHV genome were derived from RNA extracted from sucrose gradient-purified virus. These clones were generated by priming for first-strand cDNA synthesis with a specific oligodeoxyribonucleotide which is complementary to a sequence 3.8 kb from the 5' end of the MHV genome (40) . Figure 1 shows the positions of cDNA clones used to obtain the sequence of the 5'-end 2.0 kb of the MHV JHM genome. Clones Fl and F64 were shown by subsequent sequence analysis to be derived by binding of the primer oligodeoxyribonucleotide to an alternative site about 1.1 kb from the 5' end, which has closely homologous sequences. The sequences of the three clones Fl, F64, and F82 were identical in the 5'-terminal 1.1-kb region except for this primer-binding region and an additional five-nucleotide repeat (TCTAA) in clone F82 (40 (5) on fragments of cDNA inserts, generated by a variety of restriction enzymes, which were cloned into the M13 vectors mpl8 and mpl9 (36) . dITP (1) was used in place of dGTP in some cases to eliminate sequence ambiguity caused by nucleotide band compressions as a result of the DNA secondary structure. Sequence data were also obtained by chemical modification (34) of various cDNA fragments subcloned into p17 vectors (48) . DNA fragments were 3' end labeled with Klenow fragment at internal restriction sites or, alternatively, at the polylinker cloning sites of pT7. End-labeled cDNA restriction fragments were separated by electrophoresis on preparative acrylamide gels (35) and purified as described by Hansen et al. (14, 15) . Sequence analysis and predicted RNA secondary structures were obtained with the Intelligenetics sequencing program.
Construction of pT7 recombinant vectors. Clone F82 DNA representing the 5'-end 4 kb of the MHV genome (40) was excised from pBR322 with PstI, and the 5' 1.2-kb PstI fragment was inserted into the PstI site of the transcription vector pT7-5 containing the bacteriophage 17 promoter (48) (see Fig. 6 ). This construct was designated p17F82P. To remove the GC tail and the potential secondary structure in the leader region of this subclone, the 1.15-kb DraI-HindIII fragment of pT7F82P was subcloned into the BamHI and HindIII sites of pT7-5 and designated pT7F82D. Finally, to completely remove the secondary structure in the 5' noncoding region of gene A, we ligated the Narl-HindIll fragment of F82 (nucleotides 187 to 2,000) into the AccI-HindIII sites of vector pT7-3, and the resulting clone was named pT7F82N.
In vitro transcription. Recombinant pT7 plasmids were transcribed in vitro with a T7 RNA polymerase specific for the T7 promoter as described by Tabor and Richardson (48) .
Transcription was carried out in 50 ,ul of reaction buffer containing 2 ,ug of linearized plasmid DNA, 40 mM Tris hydrochloride (pH 7.5), 6 mM MgCl2, 2 mM spermidine, 10 mM NaCl, 10 mM dithiothreitol, 1 mM each ATP, CTP, and UTP, 0.05 mM GTP, 0.5 mM 7mGpppG cap analog (Bethesda Research Laboratories), 10 U of T7 RNA polymerase (US Biochemicals), and 40 U of RNasin ribonuclease inhibitor (Promega Biotec). Reaction mixtures were incubated at 37°C for 45 min. After incubation, the GTP concentration was increased to 1 mM, a second sample of T7 RNA polymerase was added, and the reaction was incubated for an additional 45 min. DNA templates were removed by digestion with 2 U of RNase-free DNase I (New England Nuclear Corp.) for 15 min at 37°C. RNA products were extracted twice with phenol-chloroform (1:1) and precipitated with ethanol.
In vitro translation. An mRNA-dependent rabbit reticulocyte lysate (New England Nuclear) was used for all translation reactions. Reactions were carried out in 25 ,ul. The conditions for translation were the same as those recommended by the manufacturer except that potassium acetate and magnesium acetate were optimized to 180 and 1.5 mM, respectively (12) . RNA (200 ng) synthesized in vitro or isolated from purified MHV virions was used in each reaction. Translation mixtures were incubated for 90 min at 30°C
with [35S]methionine (2, 400 ,uCi/ml; New England Nuclear)
as the radiolabel. Polyacrylamide gel electrophoresis. Polyacrylamide gel electrophoresis of translation products was performed as described by Maizel (30) , with 7 to 20% gradient polyacrylamide gels containing 1% sodium dodecyl sulfate. Gels were VOL. 61, 1987 on July 6, 2017 by guest http://jvi.asm.org/ Downloaded from fixed for 30 min in 50% methanol-7% acetic acid, dried, and exposed to Kodak X-ray film at -70°C.
One-dimensional peptide mapping. Partial peptide mapping followed the method of Cleveland et al. (11) 20 ,ul of buffer containing 20% glycerol, 1% (wt/vol) dithiothreitol and bromophenol blue, followed by 20 ,ul of buffer containing 10% glycerol and 1 ng of Staphylococcus aureus V-8 protease (Miles Laboratories). The gel was run as usual except that the voltage was turned off for 30 min when the sample was at the interface between the stacking and separating gels to allow proteolytic digestion of the proteins. Following electrophoresis, the gel was dried and exposed to X-ray film at -70°C. RESULTS Strategy of DNA sequencing. To determine the sequence of the 5' 2.0 kb of the MHV genome, various subclones were constructed, containing restriction fragments of each cDNA clone in both M13 and pT7 vectors. Figure 1 shows the sequencing scheme of the cDNA fragments used in determining the sequence. Each region was verified by sequencing on both strands and by sequencing with both the dideoxy chain termination (38) and chemical modification (34) methods.
Analysis of nucleotide sequence and predicted amino acid sequence. Figure 2 shows the DNA sequence obtained from the cDNA clones, with a translation in one-letter amino acid code of the main ORF. The leader sequence on the 5' end of the genomic RNA has previously been presented (40) . Potential cleavage sites for the generation of a 28-kDa Nterminal protein are indicated. We also noted a potential zinc-binding domain at amino acids 371 to 395, formed by the specific juxtaposition of cysteine residues. Zinc-binding domains are a common feature of proteins involved in nucleic acid binding or gene regulation (4) .
A three-frame translation of the 5' 2.0-kb sequence revealed a single, long ORF beginning at position 215 from the 5' end of the genomic RNA (Fig. 3) . The two alternative reading frames are closed by numerous termination codons. The 5'-proximal AUG at position 104 is in a suboptimal context for initiation of translation (20) , and the reading frame is closed after only eight amino acids. The sequence context around the next AUG at position 215 is similar to that used by most eucaryotic mRNAs (20) , with a purine at -3 and a G at position 4. The context around the AUG at position 224 conforms equally well to the consensus for functional initiation codons. These two initiation codons are followed by several additional in-frame methionine residues. These methionine residues may provide alternative initiation sites for translation and result in the overlapping proteins observed in in vitro translation studies (29) .
To obtain more information about this putative protein, the amino acid sequences were used to determine hydropathy plots (23) (Fig. 4) . The product of the extreme 5' end of the ORF, the p28 protein, is predicted to be highly basic. In addition, the presence of a central hydrophobic domain in this protein is consistent with the membrane-associated nature of the RNA polymerase (7, 8) .
Predicted secondary structure of the 5'-terminal region of MHV RNA. To examine the potential secondary structure at the 5' region of the RNA genome, the nucleotide sequences were analyzed by the RNA secondary structure program of Zuker and Stiegler (51). Figure 5 illustrates the predicted secondary structure of the MHV genome, which was compared with the published 5' sequence of an avian coronavirus, infectious bronchitis virus (IBV) (9) . Both of these Determination of the initiation codon for the gene A product. The predicted amino acid sequence of the gene A ORF contains several in-frame methionine residues. To determine which initiation codon is used to translate the gene A ORF, we performed in vitro translation in rabbit reticulocyte lysates of the 5'-terminal RNA of MHV. For this purpose, the pT7 construct, pT7F82D, containing the 5'-terminal 1.8 kb of the MHV genome, was linearized with various restriction enzymes (Fig. 6 ) and transcribed with T7 RNA polymerase as described in Materials and Methods. The predicted sizes of the RNAs generated for three restriction sites, BstEII, Avall, and ScaI, within gene A were 242, 617, T7 p.uvmoe. and 945 bases, respectively, and were confirmed by electrophoresis of the transcripts on 1.5% agarose gels (Fig. 7a) . Each of these RNAs was then translated in a cell-free rabbit reticulocyte lysate system, and the products were resolved on a 7.5 to 20% polyacrylamide gradient gel (Fig. 7b) . RNAs truncated at restriction sites BstEII, AvaII, and Scal yielded proteins of approximately 3.2, 18, and 26 kDa, respectively. This is consistent with the predicted sizes of the protein products if translation was initiated from either of the 5'-most optimal AUGs at positions 215 and 224. Translation of the RNA generated from the Scal-cut plasmid also yielded an additional protein product of approximately 34.5 kDa, corresponding to the size of the predicted full-length ORF of pT7F82D initiated at position 215. This protein probably was made by the RNA transcribed from a small amount of recircularized plasmid. These data establish that translation initiation occurs at the 5'-most optimal start codon. However, we could not distinguish between initiation from AUGs at positions 215 and 224.
Effect of the 5'-terminal RNA secondary structure on translation. The 5'-end sequences of the MHV genome predict the presence of an extensive secondary structure preceding the initiator AUG (Fig. 5) . To determine whether these 5'-terminal sequences affect the translational efficiency of the viral genomic RNA, we studied the translation of the 5'-end RNAs with different lengths of 5' untranslated regions. For this purpose, several cDNA fragments from clone F82 were inserted behind the T7 promoter, such that various lengths of 5' noncoding sequences preceded the first optimal AUG. The resulting plasmids are shown in Fig. 6 .
RNAs were transcribed from pT7 recombinant plasmids pT7F82P, pT7F82D, and pT7F82N, linearized with AvaIl, and translated in a rabbit reticulocyte lysate system. After translation, products were resolved on a 7.5 to 20% polyacrylamide gradient gel (Fig. 8) . The RNAs transcribed from all three recombinant plasmids directed the synthesis of an approximately 18-kDa protein product, corresponding to the size of the polypeptide initiated from the AUG at position 215. The sequential truncation of 5' noncoding sequences of gene A resulted in increased yields of translational products. Hence, little or no product was translated from RNA synthesized from plasmid pT7F82P containing the complete 5'-end sequences. Removal of the poly(G) region and the 5' 58 nucleotides, as in the pT7F82D construct, allowed effi- and ligated into pT7-5, and the resulting clone was designated pT7F82P. pT7F82P was digested with DraI and Hindill to remove the poly (G) region and the 5' 59 nucleotides of the leader sequence and then inserted into the Ba,nHI-HindIIl sites of pT7-5 (pT7F82D). Alternatively, clone F82 was digested with Narl and Hindlll to remove the 5'-end 186 nucleotides and then inserted into AccI-Hindlll-cleaved pT7-3 (pT7F82N). These recombinant plasmids were linearized with BstEIl, Avall, or Scal (vertical arrows), and RNA was transcribed with T7 RNA polymerase. Jagged lines represent pT7 vector sequences, and the horizontal arrow designates the direction of transcription. Identification of the N-terminal peptide of the gene A product. The 5'-end gene of the MHV genome has been demonstrated to encode a large (>200 kDa) protein product, which is a presumptive RNA polymerase (29) . This large polypeptide was shown to be cleaved during in vitro translation to yield 28-and 220-kDa proteins (12) . Preliminary evidence suggests that p28 was derived from the N terminus of the primary translation product. To establish that the p28 product derived from the translation of virion RNA is indeed the N-terminal cleavage product of a larger translation product, protein made by an RNA representing the 5'-end 1.1-kb region was compared with the p28 protein translated from virion genomic RNA.
Full-length genomic RNA extracted from purified virions yielded two major proteins of 220 and 28 kDa in rabbit reticulocyte lysate (Fig. 9a, lane A) , in agreement with previously published results (12) . In addition, we observed the synthesis of p60, which could be precipitated with the monoclonal antibody specific for the nucleocapsid protein of MHV (data not shown). This protein is probably the product of contaminating mRNA 7 or degraded genomic RNA. In vitro synthesized RNA generated from plasmid pT7F82N linearized by ScaI, representing the 5'-end 1.1-kb sequence (Fig. 6) , generated a 26-kDa protein (Fig. 9a, lane B) . The p28, p220, and p26 protein bands were excised, treated with V-8 protease, and fractionated on a 17.5% polyacrylamide gel (Fig. 9b) . Peptide mapping demonstrated that p28 and p26 were structurally related to each other, sharing five of six peptides. In contrast, the peptide map of p220 was significantly different. These results confirm that the p28 protein translated from the virion genomic RNA is indeed derived from the 5' end of gene A, i.e., it is the N-terminal cleavage product of the putative RNA polymerase. DISCUSSION Nucleotide sequence analysis of the 5' 2.0 kb of the MHV JHM genome demonstrated the presence of a single, long ORF that potentially encodes a portion of the viral RNAdependent RNA polymerase. This protein has a highly basic amino terminus and contains several hydrophobic regions, which is consistent with the membrane-associated nature of the RNA polymerase (7, 8 (20) . Because of the proximity of these two AUGs, we could not determine which AUG was actually utilized for initiation of translation. We further showed that the ORF at the 5' end of the genome was translated more efficiently when the upstream noncoding sequences were removed. This could be due to removal of the secondary structure in the noncoding region or stabilization of the RNA by shortening of the RNA. RNA secondary structure profiles suggest that this noncoding region may contain a stable hairpin loop structure preceding the first initiation codon. A similar secondary structure is predicted for another coronavirus, IBV (9) (Fig. 5) . These secondary structures may make translation inefficient, since the preinitiation complex would have to move through this extensive RNA-RNA hybrid to reach the optimal 5'-proximal AUG (22 (29) .
In vitro translation of MHV virion RNA yielded a predominant protein of greater than 200 kDa, the N terminus of which was cleaved to a 28-kDa protein (12) . p28 is a basic protein which was detected in infected cells at late times postinfection, thus representing the first protein component of a putative RNA polymerase detected in coronavirusinfected cells (13) . Peptide mapping experiments presented in this study, comparing the translation products of virion RNA with those of pT7 recombinant plasmid-derived RNA, confirmed that p28 is indeed the N-terminal protein of the gene A product(s). Furthermore, the predicted amino acid sequence of the N-terminal portion of gene A suggests a highly basic protein, in agreement with the basic nature of the p28 protein (13) . Thus, the predicted amino acid sequence for the p28 protein presented in this study most likely represents the correct translational product of gene A. It is not clear whether p28 is a component of RNA polymerase. Since MHV RNA polymerase is expected to perform many different transcription functions, including transcription of negative-strand RNA, leader RNA, and mRNAs, the RNA polymerase might have multiple components, one of which may be p28. Such a multicomponent polymerase has been demonstrated in other RNA viruses, such as Sindbis virus (45) . Alternatively, cleavage of p28 from a polymerase protein may alter the structure of the polymerase to enable the polymerase to carry out different transcriptional functions. Thus, cleavage of p28 may be a regulatory event. It has previously been shown that several different RNA polymerases could be detected in MHV-infected cells at different times during infection (7, 8) .
The exact cleavage site for generation of the p28 protein has not been determined. Several Tyr-Gly pairs, which have been shown to be one of the cleavage sites in poliovirus polyprotein (19) , are present in the vicinity of the potential cleavage site for p28. Other types of protein cleavage sites, Gln-Gly and Asn-Ser observed in picornaviruses, are not present in this area. It is also not clear whether this cleavage is carried out by a viral or a cellular proteolytic enzyme. It is likely that an autoproteolytic process is involved. However, we have not observed cleavage of the p28 protein in in vitro translations of pT7-generated RNAs (data not shown). Further studies will be needed to determine the exact site and mechanism of this cleavage.
